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I n t r o d u c t i o n  

The Pi t tsburgh Energy Technology Center i s  responsible f o r  implementing the U.S. 
Department o f  Energy's (DOE) I n d i r e c t  L iquefact ion program as p a r t  o f  the Coal 
L iquefact ion program. The o v e r a l l  goal of t he  Coal L iquefact ion program i s  t o  
develop the s c i e n t i f i c  and engineering knowledge base t o  he lp i ndus t r y  market 
economically compet i t ive and environmental ly acceptable advanced technology f o r  the 
manufacture o f  synthet ic  l i q u i d  f u e l s  from coal. 

Th is  a r t i c l e  examines t h e  s t a t e  o f  knowledge i n  iron-based ca ta l ys ts  f o r  use i n  
slurry-phase synthesis reac to rs  used i n  the  I n d i r e c t  L iquefact ion o f  coal .  The 
advantages o f  using i r o n  c a t a l y s t s  are (1) they are inexpensive. (2) spec i f i c  
a c t i v i t y  f o r  Fischer-Tropsch (FT) synthesis i s  high, and (3)  some i r o n  ca ta l ys ts  
have h igh water-gas-sh i f t  a c t i v i t y  and can convert low H,/CO r a t i o  synthesis gas 
wi thout  an external  s h i f t  r eac t i on  step. 

Stoichiometry o f  the FT Reaction: 

The i n t r i n s i c  s to ich iometry  o f  t h e  FT synthesis reac t i on  i s  represented by eq 1. 
Many FT ca ta l ys ts  are a l so  a c t i v e  f o r  water-gas-sh i f t  (WGS) reac t i on  represented by 
eq 2. Cata lysts  t h a t  are a c t i v e  f o r  both react ions can be used t o  convert synthesis 
as w i t h  hydrogen-to-carbon monoxide r a t i o s  as low as 0.5 i n t o  hydrocarbon products 9 see eq 31. This p o i n t  i s  s i g n i f i c a n t  because o f  t he  development o f  several 

advanced coal g a s i f i c a t i o n  processes t h a t  d i r e c t l y  produce synthesis gas w i t h  
approxi mate1 y t h i  s r a t  i 0. 

CO + ZH, + -CH,- + H,O (1) 

CO + H,O + H, + CO, (2) 

2CO + H, + -CH,- + CO, (1) + (2) = ( 3 )  

I n  current  commercial p r a c t i c e  (SASOL, South A f r i ca ) ,  t he  i n d i r e c t  1 iquefact ion 
rou te  f o r  the conversion of coal t o  l i q u i d  fue l s  invo lves f o u r  p r i n c i p a l  stages [l] ,  
namely, coal gas i f i ca t i on ,  gas p u r i f i c a t i o n .  hydrocarbon synthesis, and product 
upgrading. 
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O f  these, the g a s i f i c a t i o n  step i s  the most expensive; hence, technological 
improvements associated w i t h  t h i s  step o f f e r  the greatest  po ten t i a l  f o r  reducing 
costs. 

A number o f  advanced g a s i f i c a t i o n  processes (e.g., Texaco and Shell-Koppers), which 
are now i n  various stages o f  commercial development, s i g n i f i c a n t l y  improve on SASOL 
technology [2] which uses the conventional Lurg i  g a s i f i e r .  The advanced g a s i f i e r s  
not  only e x h i b i t  improved e f f i c i e n c i e s  bu t  a l so  produce a smaller propor t ion o f  
undesirable by-products (e.g., CH,. CO, and H,S). A t  the same time, however, the 
hydrogen-to-carbon monoxide r a t i o  o f  t he  synthesis gas produced i s  much lower (0.5- 
0.9, compared t o  2.1 f o r  Lu rg i ) .  I t  has been shown t h a t  hydrocarbon products can 
be produced a t  reasonable reac t i on  ra tes  from t h i s  low HJCO synthesis gas [3-51, 
provided the c a t a l y s t  i s  a c t i v e  f o r  both react ions 1 and 2. 

Depending on the process conf igurat ion,  the des i red products from slurry-phase FT 
synthesis could be l i q u i d  f u e l s  (e.g., gasol ine, d iese l ,  j e t  f ue l ) ,  l i g h t  o le f i ns ,  
and/or wax. The l i g h t  o l e f i n s  could be ol igomerized t o  l i q u i d  fue l s  through known 
processes such as MOGD 161. The wax could be t rea ted  by c a t a l y t i c  hydrocracking t o  
provide l i q u i d  f u e l s  [ 7 ] .  

Slu r rv  Phase FT Svnthesis: The development o f  a slurry-phase F i  scher-Tropsch process 
using an iron-based c a t a l y s t  has drawn considerable a t ten t i on .  The advantages o f  
the slurry-phase reac to r  system are (1) the  a b i l i t y  t o  use low H,/CO r a t i o  synthesis 
gas produced by the  advanced g a s i f i c a t i o n  processes, (2) the a b i l i t y  o f  the l i q u i d  
phase t o  withdraw heats o f  reac t i on  e f f i c i e n t l y  and thereby con t ro l  react ion 
temperature, (3) h igh  c a t a l y s t  and reac to r  p r o d u c t i v i t y ,  (4) favorable condi t ions 
f o r  c a t a l y s t  regeneration, and (5) simple const ruct ion and low investment costs. 

I n i t i a l  eva luat ion o f  FT ca ta l ys ts  f o r  s l u r r y  bubble column reactors  i s  performed 
i n  bench-scale, mechanica l ly -s t i r red,  s l u r r y  reactors .  These reactors  o f f e r  

0 excel lent  temperature con t ro l  and f l e x i b i l i t y  i n  ope ra t i n  condi t ions.  Descript ions 
o f  such reactors  and t h e i r  operation are ava i l ab le  !SI. Since the i n te rna l  
composition o f  such reactors  i s  uniform, they f a c i l i t a t e  development o f  k i n e t i c  
models wi thout  t he  complications invo lved i n  the analys is  o f  i n teg ra l  data obtained 
i n  a f i x e d  bed reactor .  The k i n e t i c  models w i l l  permi t  the p red ic t i on  o f  
performance of the c a t a l y s t  i n  a s lur ry-bubble column reactor .  

The production o f  hydrocarbons us ing t r a d i t i o n a l  FT ca ta l ys ts ,  such as Fe o r  Co, i s  
governed by chain growth o r  polymerization k ine t i cs .  This can be described by the 
Anderson formalism [g], which i s  re la ted  t o  the Schulz-Flory polymerization equation 
[ lo ] .  The nature o f  the product and the  product d i s t r i b u t i o n  among the carbon 
numbers w i l l  depend upon the  c a t a l y t i c  surface, composition (H,/CO r a t i o )  and the 
r a t e  o f  f l ow  o f  the feed gas, reac t i on  pressure, and the  temperature a t  which the 
FT synthesis react ion i s  performed. The above parameters w i l l  a f f e c t  the r a t e  of 
hydrogen and CO d issoc iat ion,  hydrogenation, degree o f  polymerization, and 
desorption o f  t he  product species. 

Chain Growth Kinet ics :  The chain growth p r o b a b i l i t y  i s  designated by the quant i ty  
a and represents the p r o b a b i l i t y  t h a t  an oligomer w i t h  ( r -1)  carbon atoms w i l l  grow 
t o  an oligomer w i t h  r carbon atoms. The product d i s t r i b u t i o n  among the carbon 
numbers fo l lows the  polymerization equation 

The above expression, usua l l y  known as the  Anderson-Schultz-Flory (ASF) poly- 
mer izat ion equation, i s  w r i t t e n  
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log(W,/n) = n l o g  a + log[(l-a)*/a] (5) 

One would then expect a l i n e a r  r e l a t i o n  between log(W,/n) and n, w i t h  slope l o g  a ,  
as shown i n  Fig. 1 [4]. The theo re t i ca l  maxima f o r  various hydrocarbon f rac t i ons  
i n  the FT roduct  such as gas, naphtha, heavy d i s t i l l a t e ,  and wax have been 
ca l cu la ted  fll] and can be seen i n  Fig. 2. 

Cata lyst  Synthesis 

Va r ie t i es  o f  i r o n  ca ta l ys ts  have been examined f o r  FT synthesis i n  s l u r r y  reactors. 
These inc lude  (1) p r e c i p i t a t e d  i r o n  ca ta l ys ts  [3-5.12,13], (2) fused i r o n  ca ta l ys ts  
[14-16], (3) u l t r a f i n e - p a r t i c l e  c a t a l y s t s  [17-191, and (4) c a t a l y s t s  produced by 
l a s e r  p y r o l y s i s  [20,21]. 

The pioneering work o f  Kolbel i n  Germany t o  develop the  Rheinpreussen s l u r r y  reactor  
process a f t e r  World War I 1  used a p r e c i p i t a t e d  i r o n  c a t a l y s t  [3]. The resu l t s  
obtained by Kolbel were very favorable, and e f f o r t s  are ongoing t o  reproduce the 
space-time y i e l d s  or c a t a l y s t  a c t i v i t i e s .  Koppers [22] o f  Rheinprussen claimed 
s l u r r y  reac to r  space-time y i e l d s  o f  up t o  2800 kg/m’ p e r  day i n  a laboratory  
reactor, but  a l l  o the r  s tud ies publ ished by h i s  group repor ted considerably lower 
values (e.g., 940 kg/m’ e r  day i n  a p i l o t - s c a l e  reac to r  and 740 kg/m’ per day i n  
a laboratory  reac to r  [23f). These inves t i ga t i ons  and l a t e r  work by the  Mobil group 
[4.5] us ing  p r e c i p i t a t e d  i r o n  c a t a l y s t s  i n  a s l u r r y  bubble column reac to r  (see Table 
1) have resu l ted  i n  a sustained i n t e r e s t  i n  t h i s  type o f  ca ta l ys t .  Accordingly, the 
e f f o r t  i n  the DOE program has been centered on p r e c i p i t a t e d  i r o n  ca ta l ys ts .  

P rec io i t a ted  I r o n  Cata lysts :  

The development o f  p r e c i p i t a t e d  i r o n  ca ta l ys ts  fo r  slurry-phase synthesis was based 
on e a r l i e r  work t h a t  was performed w i t h  i r o n  c a t a l y s t s  intended f o r  use i n  fixed-bed 
processes [l]. The f e a s i b i l i t y  o f  t he  use of p r e c i p i t a t e d  i r o n  ca ta l ys ts  has been 
demonstrated under r e l a t i v e l y  m i l d  Arge-type condi t ions a t  SASOL [1,24]. Apart from 
the  t e s t s  conducted on a l i m i t e d  scale a t  Rheinpreussen [3] and Mobil [4,5], these 
ca ta l ys ts  have not  been s u f f i c i e n t l y  demonstrated i n  a s lur ry-bubble column reactor  
representat ive o f  c o m e r c i a l  operation. The main reason f o r  t h i s  i s  the lack of 
prec ise in format ion i n  the p u b l i c  domain regard ing the  fo l l ow ing  fac to rs  in f luenc ing 
t h e  a c t i v i t y .  s e l e c t i v i t y ,  and s t a b i l i t y  of the ca ta l ys ts :  (1) pH o f  p rec ip i t a t i on ,  
(2) concentrat ion o f  Fe and other  components such as Cu i n  the p r e c i p i t a t i o n  
reactor. (3) temperature o f  p r e c i p i t a t i o n ,  (4) residence t ime o f  Fe and other  
components i n  the  p r e c i p i t a t i o n  reactor, (5) f i l t r a t i o n  r a t e  o f  the hydrated gel ,  
(6) washing r a t e  o f  the hydrated i r o n  oxide gel ,  (7) use o f  binders such as s i l i c a  
t o  prov ide mechanical strength, and (8) procedures such as spray d ry ing  t o  obta in  
uniform s i z e  spher ica l  p a r t i c l e s  w i t h  a mean diameter o f  about 30 microns. 

Under the DOE program an iron-based c a t a l y s t  w i t h  the  des i red p roper t i es  has been 
developed [25] f o r  study i n  the  A l t e r n a t i v e  Fuels Development U n i t  i n  LaPorte, 
Texas. E f f o r t s  are underway t o  scaleup the syn the t i c  procedure i n  order t o  make 
about 2.000 pounds o f  the c a t a l y s t .  Some features o f  the c a t a l y s t  are (1) spherical 
p a r t i c l e s  o f  average diameter o f  about 30 microns, (2) FT and WGS a c t i v i t i e s  tha t  
are h igher  than those o f  the commercial Ruhrchemie Fe ca ta l ys t ,  and (3) favorable 
suspension behavior i n  the  s l u r r y  medium. 

K ine t i cs  o f  t he  Fischer-Tropsch Synthesis over Fe Cata lysts  

The CSTR i s  we l l - su i ted  f o r  measuring the i n t r i n s i c  k i n e t i c s  o f  the FT react ion as 
the in f luence o f  heat and mass t r a n s f e r  e f f e c t s  i n  t h i s  reac to r  can be ignored [8]. 
The k i n e t i c  models t h a t  have been proposed f o r  the FT reac t i on  w i l l  now be examined. 
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To date, no model can account f o r  the reac t i on  r a t e  under a l l  condi t ions.  
the models agrees w i th  the experimental r e s u l t s  under c e r t a i n  condi t ions.  

Anderson's r a t e  expression [9] 

Each o f  

i s  appl icable when the WGS a c t i v i t y  i s  low. The r a t e  expression i s  suggestive o f  a 
competit ion between water and CO f o r  the ava i l ab le  s i t e s  on the  ca ta l ys t .  

Ledakowicz e t  a l .  [26] have proposed t h a t  the r a t e  expression 

could be used a t  h igh WGS a c t i v i t y .  This r a t e  equation impl ies t h a t  the in f luence 
o f  CO, i s  more important than t h a t  o f  H,O under these condi t ions.  

S a t t e r f i e l d  e t  a l .  [27] drew a t t e n t i o n  t o  the  f a c t  t h a t  water i n h i b i t s  the FT 
synthesis r a t e  more than does CO . I t  was the re fo re  reasonable t o  suppose tha t  the 

I t  

Based on 

0 (or the H,OfH, r a t i o )  i s  more important than the concentrat ion 
i n  a f f e c t i n g  the ox ida t i on  s t a t e  o f  t he  cata lyst .  
i n h i b i t i o n  a t t r i b u t e d  t o  CO, by Ledakowicz e t  a l .  [26] 

was instead a c t u a l l y  caused by H,O formed by the  reverse WGS react ion.  
these arguments. t he  fo l l ow ing  r a t e  equation [29] was favored: 

To use equation (8). i t  i s  important t o  have r e l i a b l e  methods f o r  analyzing H,O and 
H . H,O tends t o  t a i l  i n  some GC columns, but  methods t o  q u a n t i t a t i v e l y  determine 
the H,O concentrat ion have been establ ished [30]. The k i n e t i c s  o f  the FT synthesis 
has recen t l y  been reviewed by Wojciechowski [31]. 

I n  add i t i on  t o  f l u i d  dynamic data. the development o f  r e l i a b l e  k i n e t i c  r a t e  
expressions f o r  i r o n  ca ta l ys ts  i s  important f o r  the p r e d i c t i o n  o f  the behavior o f  
s l u r r y  bubble column reactors. The ongoing research t o  develop a c t i v e  and s tab le 
Fe FT ca ta l ys ts  f o r  t he  s l u r r y  phase w i l l  s t imu la te  add i t i ona l  work t o  develop 
accurate k i n e t i c  r a t e  expressions. 

Predic t ina C a t a l y t i c  Performance i n  a S lu r r y  Bubble Column Reactor 

From CSTR data obtained on a p r e c i p i t a t e d  i r o n  cata lyst ,  Abrevaya and Shah [12] have 
predic ted the  performance i n  an SBCR. The ca l cu la t i on  was based on the COtH, 
conversion measured i n  a CSTR a t  265°C and 275°C a t  var ious feed f lowrates (Fig 3 ) .  
They assumed t h a t  t he  s l u r r y  bubble column reac to r  could be modelled as 11 s l u r r y  
autoclave reactors- in-ser ies operating a t  8%, 16%, 24% ... 88% conversions. Since 
data were no t  ava i l ab le  below 35% conversion a t  265'C and 50% a t  275°C ( f i g  3), i t  
was assumed t h a t  the reac t i on  r a t e  and s e l e c t i v i t y  a t  these temperatures d id  not 
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change below 35% and 50% conversion respect ive ly .  The ca l cu la t i ons  made using these 
assumptions are summarized i n  Table 2. Subsequent improvements i n  the ca ta l ys t  
resu l ted  i n  c a t a l y s t  performance t h a t  was much c lose r  t o  the t a r g e t  performance. 

Table 2 

Performance o f  P rec ip i t a ted  I r o n  Cata lyst  [12] i n  
11 Autoclave Reactors i n  Series a t  21 ATM, 0.7 H,: CO Feed 

(wt-5) 

265°C 275°C Tarqet 
- _ _  c, 4.3 5.8 

C, (Ethane + Ethylene) 4.6 6.0 _ _ _  
c, + c, 8.9 11.8 7 
Sv. nL/h-gFe 1.1 1.6 22 

Concluding Remarks: 

From the survey on Fe FT ca ta l ys ts  f o r  slurry-phase operation. i t  i s  evident t ha t  
add i t i ona l  research i s  needed f o r  the development o f  reproducib le  synthesis o f  
ac t i ve  and s tab le  cata lysts .  A more complete understanding o f  the behavior o f  i r o n  
ca ta l ys ts  t h a t  can be obtained from modern surface and bulk  a n a l y t i c  techniques i s  
required. The c o r r e l a t i o n  o f  c a t a l y s t  p roper t i es  w i t h  k i n e t i c  data w i l l  es tab l i sh  
a sound bas is  f o r  t h e  c m e r c i a l  manufacture o f  Fe FT ca ta l ys ts  f o r  s l u r r y  bubble 
column reactors. 
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Figure 1. Schulz-Flory d i s t r i b u t i o n  f o r  Fischer-Tropsch products from a s l u r r y  
bubble column-reactor [41.  
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Figure 3. Conversion versus contact t ime f o r  a p rec ip i t a ted  i r o n  ca ta l ys t  [12] a t  
21 atm w i t h  feed H,/CO = 0.7. 
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